Objective To develop and characterize the MR properties of a synthetic model for cartilage extra-cellular matrix using hydrogels and to determine the concentration dependence of spin-lattice (T1) and spin-spin (T2) relaxation times of hydrogels and their glycosaminoglycan and collagen components in the presence and absence of gadopentetate dimeglumine (Gd-DTPA) for use in dGEMRIC. Materials and methods T1 and T2 measurements were made at 3 Tesla on a range of gelatin (i.e., collagen) and hyaluronan (i.e., glycosaminoglycan) solutions (6.25-100 g/l), alone, together in a composite, and as dityramine-bridged hydrogels. Relaxivity was calculated as a function of macromolecular concentration. ) over the range of cartilage biochemistry. Conclusions Without the contrast agent, hyaluronan and gelatin, alone or in a composite, have a very small impact on the relaxivities of the model system. The impact on R1 was approximately tenfold less than on R2. In contrast, macromolecular concentrations above 50 g/l significantly impacted Gd-DTPA relaxivity and should be accounted for when measuring the glycosaminoglycan content of cartilage in vivo using dGEMRIC.
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Introduction
Current research in osteoarthritis often involves magnetic resonance (MR) evaluation of cartilage biochemistry including the proteoglycan, i.e., glycosaminoglycan (GAG), and collagen concentration of articular and meniscal cartilage . While many MR acquisitions are sensitive to matrix composition, some approaches have greater specificity for one molecular species compared to others, although their sensitivities to collagen and GAG content may be interdependent [1-5, 14, 31] . For example, decreased collagen content, fibrillation, and clefts have been correlated with cartilage lesions found on T2-weighted images and T2 relaxation time maps [1] [2] [3] [4] 14] . In addition, T1 relaxation time maps obtained using delayed-gadolinium enhanced MR imaging of cartilage (dGEMRIC) are used to display and compute local GAG concentration within cartilage [1-4, 6, 8, 10-30, 32] .
Glycosaminoglycans and collagen are major components of most tissue extracellular matrices including articular and meniscal cartilage. In this study, tyramine-based hydrogels are used as synthetic model for extracellular matrices. Tyramine-based hyaluronan (TB-HA) hydrogels [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] , currently under development for tissue engineering applications, and a collagen hydrogel (TB-GE) [43] [44] [45] , based on commercial gelatin in various concentrations, are used to explore the relationship between hyaluronan, gelatin, and composite concentrations on T1 and T2 relaxation times. Dityramine cross-linking provides structure to hyaluronan monomers and stabilizes it to dissolution, similar to the intrinsic gelation of monomers in gelatin and agar. The effect of the cross-linking during hydrogel formation is also evaluated. The concentration dependence found from these relaxation time measurements may enable quantification of TB-hydrogels within in vivo tissue engineering and repair applications.
Most dGEMRIC studies calculate GAG content by assuming Gd-DTPA relaxivity is independent of tissue macromolecular concentration even though contradictory evidence exists. One study [6] found the Gd-DTPA relaxivity in cartilage was consistent across a range of GAG concentrations. Another [8] concluded that macromolecular concentration, but not molecule type, can increase the relaxivity of Gd-DPTA in cartilage by 30-70% compared to that in saline. In ex vivo cartilage plugs with varying levels of trypsin digestion, a third manuscript [9] reported the relaxivity of Gd-DPTA was influenced by the level of GAG depletion. The specifics of the relaxivity dependence may be important given the increasing use of dGEMRIC techniques in clinical research. However, it is difficult to manipulate the individual components of cartilage in a controlled and uniform manner. In an attempt to resolve this issue, we investigated the influence of the individual components of cartilage extracellular matrix (TB-HA, TB-GE) and composite cartilage extracellular matrix (TB-CO) on the relaxivity of Gd-DTPA, as it would be applied in dGEMRIC.
Materials and methods

Synthesis
The compositions and concentrations of the materials studied are described in Table 1 . Corgel™ Biohydrogel (hyaluronan with a 5% degree of tyramine substitution; TS-HA) was manufactured by Lifecore Biomedical, Inc., Chaska, MN, using a process adapted from Darr et al. [33] . Hyaluronan, sodium salt (MW > 1 million Daltons) was also obtained from Lifecore Biomedical. Gelatin (300 bloom), agar, tyramine hydrochloride, N-hydroxysuccinimide, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, sodium chloride, type II horseradish peroxidase, and hydrogen peroxide were obtained from Sigma, St. Louis, MO. Sodium hydroxide and 2-(N-morpholino)ethanesulfonic acid were purchased from Fisher Chemicals, Pittsburgh, PA. Phosphate buffered saline (PBS) solutions (1× and 10×) were purchased in house. Magnevist (Gd-DTPA) was obtained from Bayer Healthcare Pharmaceuticals, Park Ridge, NJ.
The synthesis of both the tyramine-based hyaluronan (TB-HA) [33, 42] and gelatin hydrogels (TB-GE) [43] [44] [45] has been previously published; we present the minimum changes in this chemistry necessary to reproduce the ECM results. TB-GE is synthesized [45] [46] [47] using the same chemistry as TB-HA hydrogels [33, 42] and has the same amino acid composition as type-1 collagen with a broad distribution of molecular weights [46] . The degree of tyramine substitution on TS-GE was determined by amino acid analysis of TS-GE samples using cation exchange chromatography based on Spackman et al. [47] through the Molecular Biology-Proteomics Facility, University of Oklahoma. TB-HA hydrogels were first cross-linked in ultrapure water then equilibrated in PBS. The TB-HA hydrogels at 6.25, 12.5, and 25 g/l were found to shrink~30-35% by volume; while the hydrogels at 50 and 100 g/l swelled no more than 10% by volume. For the TB-HA and TB-CO hydrogels, the observed shrinkage or swelling in PBS was sufficiently reproducible that the linear correlation curves (not shown) of initial (in water) versus final (in PBS) concentration could be used to form hydrogels with concentrations equivalent to unsubstituted and tyramine-substituted samples. The TB-GE hydrogels were found to shrink in PBS to a final concentration range below that necessary to prepare these hydrogels at 6.25, 12.5, 25, 50, and 100 g/l; therefore, these samples were prepared in ultrapure water.
To cross-link the gels, the lyophilized materials were resuspended in appropriate volumes of ultrapure water containing 10 U/ml of horseradish peroxidase, allowed to fully hydrate, and cross-linked upon addition of dilute hydrogen peroxide. After the hydrogels fully cured overnight at 4°C, an appropriate volume of 10× PBS was added to each sample to give a final 1× concentration of PBS, and the samples allowed to equilibrate (shrink or swell) in PBS overnight at 4°C. After equilibration, the samples were viewed under UVB light (280-320 nm) to confirm complete and uniform cross-linking based on the uniformity and intensity of their fluorescence relative to standards. A hexuronic acid assay was used to quantify hyaluronan concentration [48] .
Agar (0.5-4 wt%) and Gd-DTPA (0.125-2 mM) were prepared in 1 ml of PBS and were used as controls. Additional controls were provided by 1 ml aliquots of ultrapure water and PBS.
Relaxation time measurements
The relaxation time measurements were performed on 1.5 ml samples at room temperature and 3 Tesla (Tim TRIO; Siemens Medical Solutions, Erlangen, Germany) using a quadrature transmit/receive head coil. Spin-lattice (T1) relaxation time measurements used an inversion recovery turbo spin echo (TSE) sequence with repetition time (TR) 6,000 ms, echo time (TE) 10 ms and inversion recovery times (TI) of 23, 75, 150, 300, 750, 1,400, 2,000, and 2,800 ms. Spin-spin (T2) relaxation times were measured using a spin echo CarrPurcell-Meiboom-Gill (CPMG) sequence with TR 6,000 ms and 32 echoes [49] with an echo spacing of 15 ms spanning the range of 15-480 ms. Both T1 and T2 measurements were obtained using a single coronal slice with a field-of-view 260 mm×130 mm, slice thickness 1.9 mm, matrix 256×128 and 1 average.
Relaxation time maps were computed using MRIMapper (MIT, Cambridge, MA) and MATLAB (MathWorks, Natick, MA). Regions of interest (ROIs) were selected as 4×4 to 6×6 pixels from the center of each sample. T1 maps were calculated using a three-parameter exponential fit M xy ¼
, where M xy is the pixel signal intensity obtained at TI, M o is the signal intensity that would be obtained from the sample in the fully relaxed state, and θ is the flip angle of the inversion pulse. T2 maps were calculated using M xy ¼ M o » exp ÀTE=T2 ð Þ , where M xy is the pixel signal intensity obtained at TE and M o is as above. For T2 calculations, the first TE point was excluded from the curve fit [13] . The reported T1 or T2 value was the average from the ROI of each sample.
The mean T1 and T2 values were utilized to calculate material relaxivity R1 and R2, respectively, using a leastsquares fit to the slope of [ 
Statistical analysis
One-way analysis of variance (ANOVA) and StudentNewman-Keuls statistical analyses were used to detect statistically significant changes when comparing relaxivities with a confidence level of 95% (p<0.05). The relaxivities of hyaluronan, gelatin, and composite materials in solution were compared to those of the tyramine-substituted and cross-linked formulations of these biomaterials. The relaxivity of Gd-DTPA in hyaluronan, gelatin, and composite materials at various concentrations (6.25, 12.5, 25, 50, and 100 g/l) were compared to Gd-DTPA in PBS as control.
Results
Relaxation times and relaxivities
The T1 and T2 values for each material are presented in Table 2 . Table 3 .
The PBS and water control samples had long T1 and T2 values and varied <5% across all imaging sessions. The T1 and T2 relaxation times decreased linearly with increasing concentration of Gd-DTPA (R1=5.32±0.32 mM
) and were consistent with values reported in the literature [5, 6] . Increasing agar concentration showed no effect on T1 values (R1=0.028±0.011 wt%
), but a large effect on T2 values (R2=5.91±0.55 wt%
). Direct comparison of agar relaxation times with the literature could not be made as prior work used different concentrations and conditions. The R2 for agar is large and is closer to that of Gd-DTPA than either hyaluronan or gelatin (Table 3) .
Both the hyaluronan and gelatin T1 and T2 values decreased slightly, relaxivities were 2-3 orders of magni- Table 2 T1 and T2 values from single imaging sessions. Equivalent concentrations of agar were 0.5, 1, 2, and 4 wt%. Equivalent concentrations of Gd-DTPA were 0.125, 0.25, 0.5, 1, and 2 mM. PBS was used for 0 concentration samples for all compositions except TB-GE where ultra-pure water was used. HA hyaluronan; GE gelatin; CO composite, 1:1 HA:GE; TS-HA tyramine-substituted HA; TS-GE tyramine-substituted GE; TS-CO tyramine-substituted CO; TB-HA tyramine-based HA -Cross-linked); TB-GE tyramine-based GECross-linked); TB-CO tyramine-based CO -cross-linked; Agar; Gd Magnevist, Gd-DTPA tude less than Gd-DTPA with increasing concentration, but the effect was independent of tyramine substitution or cross-linking ( Table 2 ). The composite samples (CO, TS-CO, TB-CO), with 1:1 concentrations of hyaluronan and gelatin, showed appreciably larger relaxivities than for either the hyaluronan or gelatin alone. The 50 g/l and 100 g/l composite samples, which had HA and collagen concentrations similar to native cartilage, demonstrated T1 values characteristic of cartilage (700-1250 ms) [5, 32, 50] . Despite the very small R1 and R2 values of hyaluronan, gelatin, and the composite materials, a selective effect of tyramine-substitution and cross-linking was observed (Table 3) . Tyramine-substitution had little effect on R1 or R2 values for hyaluronan. However cross-linking increased the R2 value for hyaluronan without affecting R1. Both R1 and R2 for gelatin noticeably decreased upon tyramine substitution. Upon crosslinking, R1 increased for gelatin, but R2 did not change compared to TS-GE. Finally, R1 for the composite samples increased with tyramine substitution, but R2 did not change. Cross-linking lowered both R1 and R2 of the composite samples. The only samples having statistically different relaxivities were the R2 values for hyaluronan (p=0.007) and TS-HA (p=0.012) versus the cross-linked TB-HA, and the R2 values of the composite (p=0.020) and TS-CO (p= 0.019) versus the cross-linked TB-CO.
Gd-DTPA relaxivity
The relaxivities of Gd-DTPA in hyaluronan, gelatin, and composite materials are presented in Table 4 .
The Gd-DTPA R1 and R2 values increased between 18-31% and 14-32%, respectively, with increasing concentration of hyaluronan, gelatin, and composite (Table 4 ; Fig. 2 ). Statistical significance was achieved in R1 of Gd-DTPA in 50 g/l and 100 g/l hyaluronan compared to Magnevist (Gd-DTPA) in PBS (p=0.038 and p<0.001, respectively). The R1 value of Gd-DTPA was also significantly different (p< 0.001) in the 100 g/l composite compared to Gd-DTPA in PBS. R2 values of Gd-DTPA in hyaluronan and composite materials were not significantly dependent on concentration, except for the 100 g/l concentrations with p=0.021 and p=0.002, respectively. These data are from different stock solutions than the data presented in Tables 2 and 3 , and thus small differences in relaxivity between the experimental periods were found.
Discussion
Hydrogels formed from hydroxyphenyl-substituted hyaluronan [33, [35] [36] [37] [38] [39] [40] [41] [42] and gelatin [42] [43] [44] [45] are currently being applied to a variety of tissue engineering and repair applications including cartilage [33] and tendon [41] repair, treatment of mitral regurgitation [37, 40] and rheumatoid arthritis [42] , and as a dermal filler [35] . In addition, these biomaterials are being investigated as protein or drug delivery systems [36, 38, 39, 42, 44] , and 3D culture systems for cell encapsulation or attachment [33, [43] [44] [45] . Dityramine crosslinked hyaluronan-based hydrogels [33] were selected as a synthetic ECM model because of the equivalence of their biochemical and mechanical properties compared to cartilage. In addition, the hydrogels can be easily manipulated in terms of concentration and composition, unlike biologic tissues. It is important to characterize the imaging properties of this ECM The agar values were divided by ten to enable them to be plotted on the same scale as Gd-DTPA and the hydrogels model because of the breadth of clinical applications being investigated. While the gelatin used in this study is a type-I collagen, previous publications have indicated dGEMRIC results are independent of collagen type [1] [2] [3] 6] . Thus, the hydrogels are ideal materials from which to make models of tissue ECM.
Composite ECM hydrogels at concentrations of GAG and collagen similar to those found in native cartilage (50-100 g/l) produced T1 values characteristic of cartilage (700-1,250 ms) [5, 32, 50] , although T2 values were much longer than for cartilage and therefore the hydrogels could be easily differentiated from cartilage on any MR acquisition. The non-enhanced material T1 and T2 relaxation times were found to depend very little on extracellular matrix hyaluronan (i.e., GAG) and collagen concentration. This small dependence was reproducible and the combination of hyaluronan and collagen in composite materials yield a synergistic effect on T1 and T2 compared to each material alone.
With increasing concentrations of hyaluronan, gelatin, and/ or agar, a decrease in R1 and R2 values was measured, which corresponds to a decrease in water mobility and formation of a more solid-like material. Tyramine-substitution was found to have a slight, but non-significant effect on the relaxivity of either hyaluronan or gelatin alone and the 1:1 composite. This is in agreement with the tyramine-substituted solutions forming solids or semi-solids similar to their corresponding unsubstituted solutions, and having immeasurably small impact on water mobility. Cross-linking had a small statistically significant impact on the R2 values for TB-hyaluronan compared to hyaluronan and TS-HA, and the R2 values for TB-CO compared to composite and TS-CO.
In the past few years, dGEMRIC clinical research studies have measured the GAG concentration of articular cartilage in the knee [1-4, 6, 9, 10, 14-16, 19, 20, 24, 25, Table 3 Average relaxivity (R1 and R2) values. N is the number of imaging sessions. The hydrogels and MR instrumentation showed stability over time as indicated by the small standard deviation obtained from measurements performed repeatedly over several months. R2 values for HA (p=0.007) and TS-HA (p=0.012) were significantly different than for TB-HA (cross-linked). R2 values for CO (p=0.020) and TS-CO (p=0.019) were significantly different than for TB-CO (cross-linked). HA hyaluronan; GE gelatin; CO composite, 1:1 HA:GE; TS-HA tyramine-substituted HA; TS-GE tyramine-substituted GE); TS-CO (tyramine-substituted CO); TB-HA (tyramine-based HA -cross-linked); TB-GE tyramine-based GE -cross-linked; TB-CO tyramine-based COcross-linked; Agar; Gd Magnevist, Gd-DTPA Table 4 Average R1 and R2 values of Gd-DTPA (Gd) with different concentrations of macromolecular materials. N is the number of imaging sessions. The hydrogels and MR instrumentation showed stability over time as indicated by the small standard deviation obtained from measurements performed repeatedly over several months. Relaxivities are compared to Gd-DTPA in PBS with statistically significant differences achieved in HA at concentrations above 50 g/l and in CO at 100 g/l. The R1 of Gd-DTPA in 100 g/l HA, GE and CO is 18, 31, and 20%, respectively, larger than in PBS. HA hyaluronan; GE gelatin; CO composite, 1:1 HA:GE [18, 21, 22, 25, 26] , cartilage repair [20, 28] , and also in the fibrocartilaginous meniscus in the knee [11, 17] . Most studies calculated GAG concentration from fixed charge density (FCD) using pre-and post-contrast T1 values. More recently, studies correlate only the post-contrast T1 values with GAG concentration since the pre-contrast T1 value of healthy, normal cartilage has been found to be constant [20, 30] . Using either approach, assuming Gd-DTPA relaxivity in tissues is invariant and identical to that in saline may result in calculation of incorrect FCD and thus incorrect GAG concentration. The dependence of the Gd-DTPA R1 in cartilage has been previously investigated [6, 8, 9] with conflicting results. One manuscript reports the Gd-DTPA R1 in cartilage as independent of GAG concentration [6] . Another study concluded that macromolecular concentration (but not molecule type) can increase the R1 of Gd-DTPA in cartilage by values 30-70% higher than in saline [8] . Gillis et al. [9] measured the R1 of Gd-DTPA in trypsin digested cartilage plugs and found the relaxivity was influenced by the level of GAG depletion. At 2 T, the range of post-Gd-DTPA cartilage T1 values was found to be 300 ms with a 1.4 mM -1 s -1 range of R1 values between intact and trypsinized cartilage [9] . In spite of this result, the authors advocate ignoring the compositional dependence of relaxivity because of the operational difficulty in measurement, even though this assumption leads to an underestimation of Gd-DPTA concentration and hence an overestimation of GAG. While it is difficult to manipulate the individual components of in vivo or ex vivo cartilage in a controlled and uniform manner, it is possible using a synthetic extracellular matrix (TB-CO) model system as presented here.
At the higher macromolecular concentrations, our 3 T measurements (Table 4) found statistically different relaxivity values as a function of macromolecular concentration and supports the findings of Stanisz et al. [8] and Gillis et al. [9] . At the lower macromolecular concentrations, our statistically similar 3 T relaxivity values support the findings of Bashir et al. [6] . However, collagen (i.e. gelatin) had twice the impact than hyaluronan on both the R1 and R2 of Gd-DTPA (Table 4 , Fig. 2 ). The relaxivity of Gd-DTPA increased up to 18-31% for R1 and up to 14-32% for R2 with increasing macromolecular concentration. Statistically significant differences in R1 were found for Gd-DTPA in hyaluronan at 50 g/l (p=0.038) and 100 g/l (p<0.001), composite at 100 g/l (p<0.001), and for R2 of Gd-DTPA in hyaluronan and composite at 100 g/l (p=0.021 and p=0.002, respectively). Thus the R1 of Gd-DTPA in hyaluronan and composite are only comparable to the relaxivity in saline when the macromolecular concentration is below 50 g/l. Since 100 g/l hyaluronan or GAG concentration is similar to that in healthy cartilage [1] , the R1 of Gd-DTPA in cartilage can be treated as a constant and identical to that in saline only when the GAG concentration is less than 50% of its value in healthy cartilage.
If the true R1 value is lower than that used in calculations, the tissue Gd-DTPA concentration would be falsely underestimated and interpreted as a higher cartilage (or meniscal) fixed charge density (FCD), meaning greater tissue repulsion of the negative contrast agent, which results from higher GAG concentrations. For example, if a dGEMRIC map indicated a 75% GAG loss based on a constant R1 of Gd-DTPA, it would actually represent a 90% GAG loss once the compositional dependence of R1 was included in the calculation [9] , thereby causing modestly GAG-depleted cartilage to be incorrectly classified as more "normal" or less impacted tissue. Conversely, a 20-30% decrease in the true Gd-DTPA R1 value 
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Gd-DTPA would result in a 16-24% underestimation of tissue Gd-DTPA concentration and a 5-15% overestimation of tissue GAG and FCD concentration. In addition, the cartilage T1 value at which charge balance occurs (based on an R1 value of 4.64/ mM/s) would decrease at 3 T from 485 ms to 465 ms. This threshold is useful for identification of 50% GAG-depletion, and while the 20 ms decrease is within measurement variability it maybe significant as patient disease classification may change. In addition, similar-sized changes have previously resulted in significant (p<0.05) group mean differences [16, 19, 23, 29] .
Conclusions
This study has laid the groundwork to monitor changes in concentration induced by loss of material following implantation of the TB-hydrogels, using T1 and T2 relaxation time measurements. Using the synthetic extracellular matrix system composed of hyaluronan (GAG) and collagen, we confirmed the relaxivity dependence on tissue macromolecule concentration and type. 
